Numerous mouse models of prostate carcinogenesis have been developed, but hitherto there has been no model in which the prostate gland could be imaged in live animals. The transgenic model generated here targeted mouse prostate gland using a firefly luciferase enzyme under the control of a small but highly active and specific supra prostate-specific antigen (sPSA) promoter. We evaluated postnatal prostate development, involution and androgeninduced restoration of prostate growth in adult transgenic mice using bioluminescence imaging. Results of our study showed that: (i) the prostate gland of male offspring did not yield a significant bioluminescence signal until after sexual maturity. Luciferase was detected in the luminal epithelial cells of the ventral and dorsolateral lobes of the prostate gland and caput epididymis, with little or no activity in 18 other organs evaluated. (ii) While a constant high level of bioluminescence was detected in the mouse prostate from 5 to 35 weeks of age, a slight drop in bioluminescence was detected at 36 to 54 weeks. (iii) Upon castration, the luciferase activity signal associated with mouse prostate detected by a cooled charge-coupled device camera was dramatically reduced. This signal could be rapidly restored to pre-castration levels after androgen administration. Androgen-induced luciferase activity subsided to nearly basal levels 5 days following the last injection. These data demonstrate that a bioluminescent mouse model with luciferase activity restricted to the prostate gland under the control of a (sPSA) promoter can be used on a real-time basis in live animals to investigate the development and responsiveness of the prostate gland to exogenously administered androgen. This model can be extended to detect the responsiveness of the prostate gland to therapy and used as a founder strain to visualize tumors in hosts with different genetic backgrounds.
Introduction
Classic investigations of prostate development and prostate response to androgen have commonly used animals killed after appropriate treatment (Chung & Auble 1988 , Leav et al. 2001 , Putz et al. 2001 . The results of these types of studies are susceptible to individual variations among mouse strains regardless of genetic background, potential effects of experimental manipulation on tissues harvested from animals, and a lack of real-time information during the study. In the quest for improved experimental models, we developed a luciferase-tagged transgenic mouse strain with a bioluminescent marker expressed specifically in the prostate gland of the male mouse. Human prostatespecific antigen (PSA) gene promoter is a logical choice to target prostate genes in transgenic mice, since PSA protein is selectively expressed by the human prostate. The specificity of the luciferase enzyme expression in the mouse prostate was achieved by using a potent supra PSA (sPSA) promoter, constructed by linking a 440 bp androgen responsive element enhancer core (AREc) that encompasses the AREIII region and a 150 bp upstream fragment of the TATA box, pN/H of the full-length of PSA promoter (Yeung et al. 2000) . sPSA promoter retained tissue specificity but exhibited 2-to 3-fold higher promoter activity than full-length PSA promoter when tested in human prostate cancer cell lines (Yeung et al. 2000) . Consistent with our previous demonstration (Yeung et al. 2000) , sPSA promoter, like full-length PSA promoter, can drive the expression of a transgene specifically in the mouse prostate gland. The goals of this study were to test whether sPSA promoter retained prostate specificity in a transgenic animal model by following the expression of luciferase as the transgene, and whether this sPSA transgenic mouse model could be used to evaluate prostate development and the responsiveness of the prostate gland to androgen deprivation and exogenously administered androgen.
Luciferase reporter gene expression in live animals can be measured with a cooled charge-coupled device (CCCD) camera minutes after the administration of luciferin. The low background of luminescence from normal tissue, the rapid turnover of luciferase enzyme, and the non-immunogenic characteristics of luciferin make this method ideally suited for temporal in vivo imaging of gene expression. Recently, this strategy was used successfully for the non-invasive detection of transplanted tumors by ex vivo (Contag et al. 1998 , Edinger et al. 1999 , Sweeney et al. 1999 , Rehemtulla et al. 2000 , Zhang et al. 2002 and in vivo gene delivery (Honigman et al. 2001 , Wu JC et al. 2001 in mice. Consecutive bioluminescent images acquired from the same animals provide temporal and spatial information throughout an entire experiment, which has benefited the study of tumor progression (Edinger et al. 1999 , Vooijs et al. 2002 , antineoplastic therapies (Rehemtulla et al. 2000 (Rehemtulla et al. , 2002 , and promoter activation (Wu N et al. 2002 , Zhang et al. 2003 . Here we report the generation of a transgenic mouse model that enables non-invasive bioluminescent imaging of prostate gland development and assessment of androgen responsiveness of the prostate gland to castration and androgen replacement by overexpressing luciferase gene in the prostate gland under the control of sPSA promoter. This model also confirmed the specificity of sPSA promoter for transgene delivery to the prostate gland.
Materials and methods

Generation and identification of transgenic mice
To develop transgenic sPSA-Luc mice, the plasmid sPSA-Luc was linearized with KpnI and BamHI. The 2·6 kb fragment of sPSA-Luc, which contained the sPSA promoter, the luciferase reporter gene and the SV40 poly (A) signal, was purified by gel electrophoresis and prepared for injection according to standard methods (Sambrook 1989) . The appropriate fragments were microinjected into the male pronuclei of fertilized eggs of FVB/N mice (Taconic Co., NY, USA) (Hogan 1994) . Transgenic founders were identified by Southern blot analysis of tail-tip DNA. Briefly, 10 µg genomic tail DNA isolated by standard procedures were digested with Xho and XbaI and then fractionated by 1% agarose gel electrophoresis, and transferred to a Hybond NX (Amersham Pharmacia Biotech) membrane. The blots were probed with a 32 P-labeled sPSA-Luc fragment obtained by digesting sPSA-Luc/pGL-3 with EcoRV and SphI. After founders were established, genotyping of offspring was characterized by PCR of purified tail DNA (50 ng). The screening primers used for PCR were sPSA forward-as: 5 CAGAACCATGGAGAATTG3 and luciferase reverse-as: 5 CAACTGCAACTCCGATAA3 (indicated in Fig. 1a) . Cycling parameters were an initial denaturation at 95 C for 5 min followed by 35 cycles with each cycle at 94 C for 1 min, 53 C for 1 min and 72 C for 1 min and the last extension at 72 C for 7 min. The 550 bp PCR products (8 µl) were separated by 1% agarose gel electrophoresis. For semi-quantitative determination of the copy number of transgenes, different amounts of purified sPSA-Luc fragment DNA obtained from sPSA-Luc plasmid (from 0-10 7 relative copies) and mouse tail DNA (from 10 2 -10 4 copies) were performed by PCR as described above in parallel. The intensity of PCR products from mouse DNA was quantified by scanning densitometry (Quantity one-4·1·1 Gel Doc gel documentation; Bio-Rad) and compared with those from sPSA-Luc plasmid DNA. The copy number of transgenes per diploid genome of each transgenic mouse was determined by comparing the relative copy number of transgenes with that of genomic DNA.
Luciferase enzymatic assay
Organs were harvested from transgenic mice and assayed for luciferase activity. Briefly, organ tissue was homogenized in an appropriate amount of cell lysis buffer and then centrifuged for 3 min. Both luciferase activity and protein concentration in supernatants were determined using the Luciferase Reporter Assay System (Promega) and BCA Protein Assay Reagent (Pierce) respectively. For luciferase activity detection, 20 µl supernatant were mixed with 100 µl luciferase substrate as described by the reporter assay system, and luciferase activity was quantified in a Monolight 3010 luminometer (BD PharMingen). The results are reported as relative light units per microgram total protein.
In vivo bioluminescence imaging
In vivo bioluminescence imaging was conducted on a cryogenically cooled IVIS system (Xenogen Corp., CA, USA) using LivingImaging acquisition and analysis software (Xenogen). Briefly, mice were anesthetized with ketamine/xylazine/acepromazine and subsequently received an i.p. injection of an aqueous solution of the substrate -luciferin (125 mg/kg). The animals were then placed in a light-tight chamber and imaged with a CCCD camera. Images were acquired 25 min after luciferin administration. An integration time of 1 min with a binning of 100 pixels was used for luminescence image acquisition. Signal intensity was quantified as the sum of all detected photon counts within the region of interest after subtraction of background luminescence.
Luciferase immunohistochemical (IHC) detection
Organs harvested from wild-type (WT) or transgenic mice were fixed in 10% buffered formalin, embedded in paraffin, and sectioned onto glass slides. Paraffinembedded sections were hydrated through xylene and graded alcohol and equilibrated in PBS. Antigen retrieval was performed by heating the slides in 10 mM sodium citrate (pH 6·0) at 110 C for 4 min followed by staining for luciferase with monoclonal mouse antiluciferase antibody (Clone LUC-1; Sigma) in a 1:50 dilution. Staining was performed using EnVision Plus Systems (Dako) according to the manufacturer's protocol.
Experimental animals
In accordance with the NIH Guidelines for Care and Use of Laboratory Animals, all experiments were conducted using the highest standard of humane care.
Results
Generation of transgenic mice
Transgenic mice were generated using the sPSA-Luc construct, which contains 590 bp of sPSA promoter sequences linked to a chimeric TATA box and the 1·7 kb of firefly luciferase coding region (Fig. 1a) . Three sPSA-Luc founder animals were identified by Southern blot analyses (data not shown). Founder mice were backcrossed to FVB/N mice to generate progeny. The protocols were approved by the Emory University Animal Care and Use Committee, Protocol No. 163-2002 . One male founder died very early at the beginning of the mating period and another male founder was infertile. The remaining female founder line (designated as founder 349) showed transmission of the transgene to their offspring with a consistency of approximately two to five copies of transgenes per diploid genome of the transgenic mice, as determined by semi-quantitative PCR analysis comparing transgenic bands with the copy number control of the plasmid (Fig. 1b) . Homozygous transgenic mice were used in the 7 relative copies) and mouse tail DNA (10 2 -10 4 copies) from wild type (WT), founder (Founder 349), and transgenic (Tg-1 to Tg-4) mice was performed by PCR as described in the Materials and methods. The intensity of serially diluted mouse genomic DNA was compared with different amounts of sPSA-Luc plasmid DNA (from 0-10 7 relative copies as indicated).
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Transgene distribution in PSA-Luc mice
To determine the expression pattern of the transgene in vivo, bioluminescent imaging was performed in living animals including non-transgenic littermates and the sPSA-Luc line at 10-16 weeks of age. To ensure that the distribution of luciferin in the various organs is not rate-limiting for luciferase activity, the optimal time for detection of light emission from the transgenic animals was determined by whole-body imaging from three homozygous transgenic males at different time intervals following systemic injection of the luciferin. All tested mice displayed similar kinetic profiles while the peak of light emission was reached between 20 and 30 min after injection of luciferin (Fig. 2a) . Hence, in all of the experiments described below, bioluminescent imaging was monitored 25 min after administration of luciferin. All the sPSA-Luc male mice we tested displayed a hot spot of light emission exclusively in the lower abdomen, whereas no background signal was detected in non-transgenic mice (Fig. 2b) . A few sPSA-Luc mice occasionally showed a very weak signal located on the feet or tail in both sexes (data not shown). The whole-body light emissions quantified from sPSA-Luc males were 158-fold higher than those from the sPSA-Luc females (Fig. 2b) . To localize the origin of the luminescence, we isolated organs from the mice and re-imaged them. The signals in the lower abdomen were found to originate from the prostate and caput epididymis, and the rare signal detected in the tail was from the bone (Fig. 2c) . The luciferase signal in the prostate was 10-and 166-fold relative to the epididymis and the tailbone respectively. No light was emitted from the mouse after removal of these organs (data not shown).
To confirm in vivo bioluminescent imaging, luciferase activity was also investigated in vitro on a panel of tissues isolated from the imaged mice. Figure 3a shows that the ventral lobe of the prostate gland displayed the highest luciferase activity. Dorsolateral prostate luciferase activity was approximately 10% of that found in the ventral prostate, and the anterior prostate had less. A moderate level of luciferase activity was detected in the caput epididymis but none in the cauda epididymis. Other organs, including seminal vesicle, testis and salivary gland, reported as non-prostate target tissues of other prostate-specific promoters (Maroulakou et al. 1994 , Schaffner et al. 1995 , showed no luciferase activity in our sPSA-Luc mouse line. However, both male and female mice expressed a relatively low level of luciferase activity in the bone marrow, without significant differences between sexes. IHC staining with luciferasespecific antibody verified tissue and cellular distribution of this enzyme. Figure 3b shows that, consistent with both in vivo bioluminescence imaging and in vitro luciferase assay, the strongest luciferase staining was seen in the ventral prostate with lower levels in the dorsolateral prostate. The staining was present in approximately 90% of the luminal epithelial cells examined. No basal cells or stromal cells displayed positive staining.
Developmental regulation of sPSA promoter in transgenic mouse
We investigated whether bioluminescence could be used to assess the dynamic response of sPSA promoter to testicular androgen and growth factors in the microenvironment during mouse prostate development. In vivo imaging of individual sPSA-Luc mice was analyzed weekly for over 1 year. Targeting of transgene expression in the prostate was not found in male mice aged 2 to 4 weeks but luciferase activity was markedly elevated at the onset of sexual maturity. Unexpectedly, luciferase activity was detected in leg and tail initially but light emission decreased with age and declined to background activity when male (nine out of ten) and female (six out of six) mice reached puberty (Fig. 4a) . The leg and tail bioluminescence signals were confirmed to originate from bone marrow as assessed by luciferase assay and IHC staining (data not shown). Measurements of mice between 5 and 35 weeks old showed constant and high bioluminescence levels (4·25 2·1 10 7 photons/s), an indication of active androgen production and increased efficiency of androgen-induced gene transcription and translation (Zhang et al. 2003) . From 36 to 50 weeks of age, a somewhat lower bioluminescence level (1·5 0·8 10 7 photons/s) was observed. The signal dropped to the background level when the mice were 56 weeks old (Fig. 4b) , reflecting decreased androgen production in aged males (Bronson & Desjardins 1977 , Xie et al. 2004 .
In vivo hormone response of the sPSA promoter
To verify the androgen responsiveness of the sPSA promoter in transgenic mice, sexually mature males (aged 10-12 weeks) were castrated, followed 7 days later by dihydrotestosterone (DHT) or vehicle (sesame oil) administration. The bioluminescence signal correlated well with androgen withdrawal and an androgen supplement restored luciferase activity in the prostate (Fig. 5a ). The intact sPSA-Luc male mice typically emitted>10 7 photons/s in the prostate gland (Fig. 2b) . Castrations led to an approximately 100-fold decrease in the imaging signal by day 4, and then dropped to the background level by day 7 (Fig. 5b) . Injection of DHT at day 7 produced a significant induction of the imaging signal, rising rapidly to pre-castration (day 0) levels within 1 day (day 8) and then dropping slightly on day 9. DHT injection on day 9 was found to restore luciferase activity detection on day 10. A continuous drop in luciferase activity was observed and reached background level on day 14. In the same study, dexamethasone injected at the same dose had no effect on the induction of bioluminescence in castrated mice (data not shown), confirming the specificity of sPSA promoter reporter, which responded exclusively to androgen. This is consistent with the fact that the sPSA promoter sequence contains only ARE and is devoid of glucocorticoid response element (GRE). 
Discussion
A novel bioluminescent transgenic mouse model, sPSA-Luc, with firefly luciferase enzyme expression restricted to the prostate gland under the control of a potent s-PSA promoter, was generated and characterized (Figs 2 and 3 ). This mouse model was used in a developmental study to assess endogenous androgen regulation of target genes in the prostate gland as a function of age (Fig. 4) and to confirm the activity of exogenously administered androgen, which regulates sPSA promoter-luciferase reporter activity in the prostate gland of live animals (Fig. 5) . Using the same animals for repeated measurement at either different ages (from 2 to 56 weeks) or hormonal status (castration vs castration followed by androgen replacement), we demonstrated the specificity of the androgen regulation of sPSA promoter-luciferase reporter activity in the developing mouse prostate and in mice under the influence of exogenously administered androgen. Our results are in agreement with numerous previous studies (Allison et al. 1989 , Greenberg et al. 1994 , Perez-Stable et al. 1996 , Garabedian et al. 1998 , Kasper et al. 1998 , Zhang et al. 2000 , Gabril et al. 2002 defining androgen regulation of other target genes in the developing mouse prostate gland. Unlike previous studies, however, our results provided a continuous real-time measurement of the bioluminescence emitted from the luciferase reporter, which was under the control of a well-known androgen receptor (AR)-regulated promoter, sPSA gene (Yeung et al. 2000) . Based on luciferase imaging, we demonstrated the exquisite specificity of sPSA promoter in directing high level and luminal epithelial-specific expression of luciferase enzyme in the ventral lobe of the mouse prostate gland. A moderate to low level of luciferase activity was detected in mouse caput epididymis and bone marrow respectively. No luciferase reporter activity was detected in seminal vesicle, testis and salivary gland, which have frequently been reported to express other prostate-targeting promoters in transgenic mouse models (Maroulakou et al. 1994 , Schaffner et al. 1995 . Although PSA is not expressed in mouse prostate or mouse kallikrein genes identified to date by shared homology with human PSA (Clements 1989) , the specificity of sPSA promoter in regulating downstream luciferase reporter expression largely in the mouse ventral prostate gland as demonstrated herein suggests a high degree of conservation of transcriptional factors in the prostate gland between mouse and human. This interpretation is consistent with our previous transgenic mouse study using a 6 kb fragment of the PSA promoter-LacZ construct (Cleutjens et al. 1997b) , suggesting that the 590 bp sPSA promoter contains most, if not all, information for prostate-specific and androgen-regulated activity. It is also in agreement with previous in vitro studies conducted by our laboratory (Yeung et al. 2000) and others (Schuur et al. 1996 , Cleutjens et al. 1997a showing that the 440 bp AREc enhancer is sufficient to cooperate with a minimal promoter to confer prostatespecificity and androgen-responsiveness.
The mouse prostate gland is known to consist of several lobes, differing markedly from the zonal anatomical structures and pathology of the human prostate gland. Previous publications suggest a certain structural homology between mouse and human prostate gland based on embryological development and morphological criteria (Price 1963 , Steers 2001 , Vaarala et al. 2001 , Marker et al. 2003 , Shappell et al. 2003 . To date, however, there is no existing supporting evidence for a direct relationship between mouse prostate lobes and specific zones in the human prostate (Shappell et al. 2004 ) based on anatomical considerations. The mechanisms by which human prostate-specific promoters specifically direct transgene expression to the mouse prostate are not understood. Even with PSA promoterdirected transgene expression, one 6 kb full-length and the other 590 bp, we observed similar prostate specificity but a marked difference in lobular distribution of transgene with the 6 kb PSA promoter-directed -galactosidase expressed in the mouse dorsolateral lobe (Cleutjens et al. 1997b ) and the 590 bp sPSA promoteractivated luciferase enzyme detected almost entirely in the ventral lobe of the prostate gland. Interestingly, the ventral lobe specificity of the transgene expression directed by sPSA promoter corresponded to the expression of PSA in a transgenic mouse strain established by the introduction of human PSA under the control of a homologous human PSA genomic DNA (Wei et al. 1997) . A similar pattern of transgene expression was also reported in another prostate-specific transgenic mouse model using human kallikrein 2-based promoter (Xie et al. 2004) . These data collectively suggest a strong homology between human prostate and the ventral lobe of mouse prostate with respect to PSA regulation. Whether or how the differential and lobular differences in PSA regulation relate to prostate cancer induction and subsequent progression in mouse models, and their relationship to human prostate, will be an interesting subject for future investigation.
Other than the prostate gland, the published literature suggests a possible molecular basis for non-prostate targeting of luciferase expression in the caput epididymis with sPSA promoter in sexually mature males as well as in bone in both pre-pubertal sexes. In mice, several androgen-dependent epididymal proteins such as cysteine-rich secretory protein-1 , androgen-dependent glutathione peroxidase-like protein arMEP24 (Ghyselinck et al. 1993) and glutathione peroxidase 5 (Drevet et al. 1998) were mainly found in the epididymis of males, where the epididymal tissue-restricted and caput-regionalized Ets-like transcriptional factor PEA3 (polyoma enhancer activator 3) acted in co-operation with the AR controlling its tissue-specific expression. Likewise in humans a prostate epithelial-specific Ets transcriptional factor, PDEF, was recently reported to modulate PSA gene expression as a co-regulator of AR (Oettgen et al. 2000) . Two putative Ets-binding sites are also found in the 440 bp AREc region of sPSA promoter. These observations suggest that transgene expression in the caput epididymis of sPSA-Luc transgenic male mice might be mediated by PEA3 and/or other epididymalspecific Ets-like transcriptional factors in cooperation with AR to function on the AREc enhancer of sPSA promoter. The mechanism by which sPSA promoter is highly active in the growing bone but to a lesser extent in the adult bone is not understood. However, in early bone development the hematopoietic stem cells could employ certain Ets-specific transcription factors and/or AR that may be responsible for the induction of the sPSA promoter reporter activity found in bone tissues.
For the first time, our study was able to follow gene expression in target cells and tissues on a real-time basis using a non-invasive imaging modality. With respect to bone marrow luciferase reporter expression, we suggest the observed fluctuation and regional expression in live animals could reflect regional AR-or growth factorelicited activity in bone. Further work is needed to confirm or refute this suggestion.
Since luciferase imaging is quantitative, it provides an opportunity of assessing in a non-invasive manner the total number of tumor cells at the site of growth, the activity of the reporter gene(s) expressed by the target cells, and the ligand(s) responsible for activating the reporter activity in cancer cells, such as the concentrations of androgen and growth factors. With respect to the total number of cells, we do not know the lower detection limit for luciferase-tagged cells in transgenic animals, although others have reported that as few as 1000 transplanted cells bearing the luciferase gene could be quantitatively detected at an s.c. site (Edinger et al. 1999 , Sweeney et al. 1999 . However, a sensitivity study (Wu JC et al. 2001 ) that demonstrated bioluminescence imaging was predicted to be 100-to 1000-fold more sensitive than positron emission tomography in detection of reporter gene expression in mouse muscle and 10-fold in liver, indicating that luciferase imaging is well suited for quantitatively detecting tumor growth in vivo. With regard to concentrations of androgen and growth factors, the bioluminescent approach demonstrated in this communication could provide critical information on the concentration as well as the half-life of DHT in tissues. Assuming the intensity of luciferase imaging corresponds directly with the tissue level of DHT, using the non-invasive imaging approach we were able to calculate the half-life of tissue DHT in vivo to be 20 h by photon emission units, a result that has not been reported hitherto and which is consistent with the pharmacokinetic data of serum DHT (Wang et al. 1998 , Baisley et al. 2002 .
The sPSA-Luc transgenic animal model we have developed allows us to follow induction of the transgene over time using the IVIS imaging system. One advantage of this model is that it is now possible to study the kinetics of PSA induction in vivo in real time and correlate PSA kinetics in the mouse with tumor growth. This cannot be achieved using other reporter genes such as -galactosidase and green fluorescent protein. Many factors including the number of luciferase-expressing cells, the promoter used to drive luciferase expression, the transgene copy number, the transgene integration site, and the distribution of luciferase-expressing cells can determine the sensitivity of bioluminescence imaging. A transgenic mouse line containing around 50 copies of MMP-13 promoter-driven luciferase transgene in its genome has been used to examine MMP-13 promoter activity throughout the process of wound healing in skin (Wu N et al. 2002) . In our sPSA-Luc transgenic line, as few as two to five copies of luciferase transgene (Fig. 1b) allow us to visualize mouse prostate gland. This observation suggests that synergistic cooperation of the pN/H fragment with the AREc enhancer may result in an extremely high transgene expression by sPSA promoter in target tissues, which agrees well with our previous in vitro study (Yeung et al. 2000) showing that sPSA promoter exhibits 2-to 3-fold higher activity than the WT PSA promoter in prostate cancer cell lines.
In summary, by combining the luciferase reporter system and the CCCD imaging technique we were able to quantitatively follow prostate development and the effects of androgen in activating sPSA promoter in living animals. The elucidation of the molecular mechanisms that regulate the tissue-specific expression of the PSA gene can provide important insights into prostate development and its neoplastic progression. Our data demonstrated that a small composite sPSA promoter is capable of driving a high level of expression of target gene reliably in the mouse prostate. The sPSA-Luc mouse model may be an ideal founder for the establishment of other bigenic imaging mouse models to study benign or malignant prostate growth. We are currently investigating the feasibility of an sPSA-Luc model for assessing in vivo trafficking of prostate cancer metastasis by crossbreeding sPSA-Luc with the transgenic adenocarcinoma mouse prostate model (Hsieh et al. 2005) .
